Abstract: The paper presents the part of the investigation that has been carried out in order to develop the pneumatic pulsator which is to be employed as an unblocking device at lose material silo outlets. The part of numerical simulation is reported. The fluid dynamics issues have been outlined which are present during supersonic airflow thought the head of the pulsator. These issues describe the pneumatic impact phenomenon onto the loose material bed present in the silo to which walls the pulsator is assembled. The investigation presented in the paper are industrial applicable and the result is the working prototype of the industrial pneumatic pulsator. The numerical simulation has led to change the piston shape which is moving inside the head of the pulsator, and therefore, to reduce the pressure losses during the airflow. A stress analysis of the pulsator controller body has been carried out while the numerical simulation investigation part of the whole project. The analysis has made possible the change of the controller body material from cast iron to aluminium alloy. 
Introduction
To expand the transfer of knowledge and to encourage entrepreneurs to make use the achievements of Polish scientists, the Ministry of Science and Higher Education invited entries for a competition under the Technological Initiative I Program. Both enterprise and scientific representatives were eligible to participate. The aim of the program was to support practical industrial applications that may directly benefit from discoveries made by Polish scientists. In 2007, Warsaw University of Technology-Plock Branch submitted a proposal on the design and application of the industrial pneumatic pulsator. Since the proposal's acceptance, a close collaboration between Nowax Ltd. and the University has begun; the proposal was chosen for co-financing amongst 434 proposals, following a rigorous economic and scientific valuation process. The idea of a pneumatic pulsator design originated from industry, more specifically from granular mechanics arising from loose material behaviour in silos. In many industrial applications, there is an emphasis on loose material beds instead of on the loose material itself. In the beds, while unfavourable conditions occur, vaults or bridges can be created. Hence, limitations, and in some cases impossibilities, in loose material movement can happen. To prevent that kind of behaviour. there are a number of solutions. One of them is the destruction of the loose material structure with a compressed air impact. The numerical simulations presented in this article were used to predict the shape of the pulsator head needed for such a purpose. Phenomena ocurring during the air flow are well reported in the literature [1] [2] [3] [4] [5] [6] [7] . Thus, the basic concept of the investigation presented herein was to apply this common scientific knowledge to the industrial application at hand. This work has therefore considered published methods and models. First, we used the k-ε model to predict the characteristics of the flow phenomena, and we have shown the value of that theoretical framework. However, the model lacked in precision and further improvements were thus necessary In our second attempt, we applied the Large Eddy Simulation (LES) model which describes supersonic air flow utilizing dense time steps during the simulation. The latter model was not as cost effective as the former; however, it yielded precise and reliable results.
Phenomena during Storage and Transport of Loose Materials
When loose materials attract and retain moisture, difficulties in material handling in production facilities can arise. For example, in a silo, high humidity can trigger agglutination and agglomeration of loose materials, or the sticking of materials to silo walls, possibly leading to a halt in transport lines connected to the silo. Typical consequences of such problems are: lower efficiency, higher costs of processing, and reduced product quality. Under certain circumstances, vaults can occur in beds of loose material above silo exits or in vertical channels. This can limit, or even totally disable, the downward movement of the material. Depending on the nature of the loose material, two kinds of vaults are identified:
• vaults created by coarse-grained material ( Fig. 1(a) ) with random packing of grains,
• vaults created by fine-grained material with compressive stresses acting in the plane perpendicular to the free surface, while shear stresses in the free surface are equal to zero ( Fig. 1(b) ).
Vaults can be formed in a fine-grained material when the cross-section area of the vessel outlet is too small. Vault creation is facilitated by the roughness of vessel-wall surfaces in the vicinity of the outlet, but can be avoided by properly choosing the vessel shape and outlet position, or by equipping the vessel with auxiliary vault-preventing devices.
The preventive measures against vaults creation are following: 1. Vessel wall inclination calculated as:
where: µ S -wall friction factor at standstill, Ψ [deg] -dihedral angle between neighbouring walls.
2. Non-symmetrical shape of the vessel ( Fig. 2(a) ).
3. Material outlet positioned close to a vertical vessel wall ( Fig. 2(b) ).
4. Baffles placed above the outlet ( Fig. 2(c) ).
Rotating flat bottom (in cylindrical vessels).
6. Screw conveyor placed in the material outlet.
7. Vibratory, striking or pneumatic equipment, to act on the material bed, attached to the vessel.
In the cement industry and in coal-fired power plants, automated pneumatic pulsators are widely applied for safe and efficient elimination of vaults that may occur above bottom outlets of silos in which loose materials are stored. Considering the large dimensions of the silos, with a lack of preventive equipment vault removal may require operation breaks and the intervention of staff authorised to work in dangerous conditions thus leading to increased production costs.
Numerical Simulation
In this work, we used SolidWorks and Autodesk Inventor successively to implement the geometry of the pulsator accumulator. Both software packages are well known, and each of them has its own advantages and drawbacks. The SolidWorks software was chosen for various reasons; the most salient being that it included the packages FloWorks and COSMOSWorks. The project of developing and designing the pulsator must take into account the airflow and all consequences of its impact. Hence, to shorten preparation of the numerical model and to pre-design the pulsator head, SolidWorks was used. The CAD tools themselves have, of course, improved design processes. For example, the moulding and casting processes could be shown. Before even the cut tool had touched the mould material, the team was warned on the assembly and disassembly issues. The basic conception of implementing the CAD methods was to make prototype of and equipment as close to the real one as possible. That is the aim of Computational Fluid Dynamics. Whereas CAD software is typically used in the field of structural mechanics, CFD software solve flow problems that occur within equipment and parts designed with the aforementioned CAD software. CFD uses mathematical formulae in order to calculate fluid displacement and stress. These equations are shown in a short form and briefly described below. The first one is the continuum equation or mass conservation equation:
where: ρ -density, -time, -velocity vector in the xi direction,Ṁ -mass flux. The second equation solved is the momentum equation, and it is also known as a Navier-Stokes equation:
where: F -mass force upon the mass unit, τ -stress tensor.
The CFD methods use both finite element as well as finite volume methods. Either one has its advantages and disadvantages. For example the FEM is more cost effective and FVM is more precise. The choice of the method used to predict flow in industrial equipment is at the stage of choosing the tool. The detailed description of the mathematical methods use in CFD can be found in references [6] and [8] .
In case of the design process of the pneumatic pulsator, both method were used with three different software packages dedicated to CFD as well as one of the previously mentioned package contained in the SolidWorks program, namely: Floworks.
Pneumatic Pulsator Head Shaping
The pneumatic pulsator mainly consists of two components: a head and a pressure accumulator. The function of the accumulator is the storage of air at high pressure. The amount of air stored depends on the type of the granular material and on the size of the silo, and on which types of walls the equipment is mounted. The vessel of the pressure accumulator had to be designed according to the PN-EN 13445 standard. The commercial software Visual Vessel Design was used for this task.
The main part of the pulsator is the head which can be considered as a fast-opening valve.
The head includes three channels: the inlet channel through which air flows from the pressure accumulator, the outlet channel directing air flow to the silo, and the control channel to control the air flow. The air flow from inlet to outlet channels is controlled by a valve whose opening depends on the pressure difference between the inlet and control channels. In order to optimise the head design, the flow phenomena were numerically simulated, and the channels were preliminarily designed. The data obtained from simulation were also used as a basis for setting up an experimental benchmark for validating simulation results. The simulation of the air flow the pulsator head was carried out using the commercial code FLUENT™. More specifically, the FVM was implemented within that code. Reported in the literature models have been used without further improvements. During the simulation, the boundary conditions needed to be applied properly and material properties also had to be taken into account As it has been mentioned before, the first attempt has been to model the air flow by using the incompressible k-ε model. The velocity magnitude according to the results has its maximum value over 1 000 m/s. Our preliminary investigation served to describe the model we used as well as the flow parameters used. The further investigation considered simulations with Large Eddy Simulation model of turbulent flow. In this model, the compressibility of air was taken into account, and the ideal gas model was used to calculate the physical properties of air. Fig. 4 and 5 shows examples of the simulation results. The results were used to improve the shape of the channels and installed components so that the air energy losses were minimized. In that simulation, the most important quantities of numerical simulation were the streamlines and the pressure values inside the pulsator head. A derivative quantity of the pressure, in this case the Mach number, changed according to the value of air density. Changes in the streamline shape could be observed while the shape of the numerical model of the piston moving inside the pulsator head changed on the basis of the results obtained. We were constrained in both the design, as well in the simulation parameters. The basic shape of the pulsator channels placement was enforced by the project industrial partner recommendations and the possibility of the pulsator fitting at the silo walls as well.
The initial and boundary conditions were constrained as well. The driving force of the air movements is the pressure difference between the inlet and the outlet of the pulsator. The value of 0.6 MPa at the inlet, and the atmospheric pressure at the outlet have been applied according to the industrial data. For these conditions the theoretical value of the air velocity was calculated with an assumption of the air mass flux being 3.15 kg/s. In the standard conditions of 273.15 K and 10 5 Pa, the air density is equal 1.168 kg/m 3 , hence the air velocity was calculated to be 343 m/s during the flow through the 0.1 m diameter channel. That value of the velocity was obtained in a steady-state flow within a straight channel [19] . The velocity obtained in the simulation exceeded the value mentioned previously. This discrepancy was due to the narrowing at the beginning of the outlet channel which caused a self-contained flow through the de Laval nozzlelike shape channel. The phenomenon can be seen in Fig. 4 . We sought to obtain a uniform air flow all along the outlet channel. Considering the aim of the research, which was the proper force at the outlet, the increase in velocity was not valid. A high value of velocity at the cost of pressure was not appropriate. The maximum values of the Mach number was 1.5 which corresponded to the velocity of 500 m/s.
Design of the Electropneumatic Controller
The next stage of numerical simulations was associated with the design of the electropneumatic controller. The controller is an integral part of the pulsator, and its main function is to control air flow. The device consisted of a body, a seal, and a 3/2 way-valve. The function of the 3/2 way valve was to pressurize and exhaust one controller port. Simulation of the airflow from the pulsator piston chamber across the controller was performed. The driving force in the numerical model is described by the two boundary conditions, namely the value of the mass flow of air in the plane perpendicular to the axis of the inlet channel with a value of 3.15 kg/s and the atmospheric pressure in the plane perpendicular to the axis of the outlet channel equal to 101325 Pa. The inner wall of the sealing is described by the no slip boundary condition, which means zero air velocity at the wall. The simulation time was 0.1 s. The pressure distribution along the path of the airflow is shown in Fig. 6 . The Finite Element Analysis (FEA) that was used to predict forces and deflections in the material used the finite element method (FEM). This method considers the whole stiff continuum as a sum of finite elements. That means that the continuum is divided into elements onto which the equilibrium equations are solved. The following equations were solved:
where: K -stiffness matrix, -vector of nodal displacements, -vector of nodal forces. To predict the stress, the flow simulation was carried out by using the FloWorks program. The results of the pressure obtained were then written into an external file. The pressure values were imported subsequently into the COSMOSWorks program in order to calculate the stress and strain values. Therefore, the flow simulation results were used as a boundary condition inputs for the FEA. The obtained results allowed us to analyze the controller design in terms of strength. The maximum von Mises stress criterion was based on the von Mises-Hencky theory, also known as the shear-energy theory or the maximum distortion energy theory [18] . In terms of the main stresses σ 1 , σ 2 , and σ 3 , the von Mises stress is expressed as:
where: σ 1 , σ 2 , σ 3 -stress components. The safety factor was calculated using the values of the von Mises stress and the yield stress. The lowest set of safety factors did not exceed 1.4, therefore, we conclude that there was no danger of plastic strain within the controller's main body. Simulation results of the von Mises stress is shown in Fig. 7 . The strain is shown for comparison with the basic shape (semitransparent model). The deformation scale used is 600. As can be seen in Fig. 7 the highest deformation occurs along the axis of the controller channel which is placed on the longitudinal axis of the pulsator head. This phenomenon is a result of the the air flux pointed in the same direction prior it's dissipation by the outlet channel walls.
Concluding Remarks and Summary
In this paper, we presented one of the task that was carried out during the design process of a pneumatic pulsator. Several numerical simulations were engineered in order to reduce the costs of prototyping. The numerical models were used to predict both the flow phenomena and the stress analysis. The flow simulations considered the air flow through the channels in the head and the controller of the pulsator. The reported model of stress analysis considered only the strength of the controller body. Furthermore, we carried out simulations to investigate the optimum shape of the piston moving inside the head of the pulsator. The numerical models were prepared to obtain the amplification of the force of the air acting on the loose material bed.
In addition to engineering and scientific details, we also considered certification issues. According to established safety standards, which the pressure accumulator had to meet, a certification process still needs to be performed.
Nevertheless, the aims of the project were reached, and the prototype of the pneumatic pulsator described herein can be applied in the cement and energy industries. Finally, it has to be mentioned that besides working on developing a prototype model, the project was a beneficial experience which allowed the team to gain experience in practical applications of software typically used in an educational setting. Furthermore, the experience also fostered valuable collaboration with industrial partners for the purpose of i commercialization.
